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Strontium titanate, SrTiO3, a widely used substrate material for electronic oxide 
thin film devices, has provided many interesting features. In a combination with a 
similar oxide material, LaAlO3, it has recently received great interest. It was 
suggested that two-dimensional electron gas is formed at the interface between 
SrTiO3 and LaAlO3, resulting in high electrical conductivity and mobility. In this 
report we demonstrate that the transport properties in those heterostructures are 
very sensitive to the deposition parameters during thin film growth. Using 
cathode- and photoluminescence studies in conjunction with measurements of 
electrical transport properties and microstructure we show that the electronic 
properties observed at a LaAlO3/SrTiO3 interface can be explained by oxygen 
reduced SrTiO3. In addition, we demonstrate that oxygen can be pushed in and out 
of the sample, but that re-oxygenation of an initially oxygen depleted 
LaAlO3/SrTiO3 heterostructure is partly prevented by the presence of the film. 
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Strontium titanate, SrTiO3, is a very versatile material. It is a cubic perovskite-
structured dielectric material with a wide band-gap of about 3.2 eV at 300 K in its 
stoichiometric composition 1,3. Its transparency and dielectric properties have made 
SrTiO3 one of the most frequently used single crystal substrates for electronic oxide thin 
film devices. A prominent feature of SrTiO3 is the possibility to control its surface 
composition at the atomic level. Singly terminated SrTiO3 is an excellent choice as a 
starting block for growth of atomically sharp oxide heterointerfaces 4,5. The possibility 
of charge discontinuity between SrTiO3 and another similar perovskite, LaAlO3, has 
recently been proposed 6. Uncompensated charge may appear at the interface because of 
different formal valences in the ionic limit of Ti (4+) and La (3+) in these materials. As 
a result, highly interesting electrical properties like the formation of a two-dimensional 
electron gas was suggested. However, the properties of SrTiO3 itself can easily be 
modified with a small compositional change. By replacing only a small fraction of Sr 
with an alkaline earth metal (like, e.g., Ba or Ca) the material can become ferroelectric 
with TC up to 136 K 7. A small addition of Nb, La or Ta makes the material highly  
(n-type) conducting with a charge carrier concentration of 1019 cm-3 8,9 and 
superconducting below 0.4 K 10.  
Another method to modify the material properties is to reduce the stoichiometric SrTiO3 
and introduce oxygen deficiencies (δ in SrTiO3-δ). There are mainly three different ways 
to create oxygen deficient SrTiO3. One way is to anneal stoichiometric crystals at high 
temperature (800ºC – 1200ºC) in vacuum9 or in the presence of titanium or hydrogen11. 
Alternatively, reduced STO3-δ films can be deposited at low oxygen pressure, hence 
creating inherently oxygen depleted SrTiO3-δ 12. It has also been shown that it is 
possible to make oxygen deficient layers of SrTiO3-δ by Ar-ion bombardment13,15. 
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At a glance, the transport measurement data from LaAlO3/SrTiO3 interfaces show 
striking similarities with corresponding data from oxygen depleted SrTiO3-δ. The 
temperature dependence of resistivity and charge carrier density is similar, and, as we 
will demonstrate in this paper, LaAlO3/SrTiO3 show cathode luminescence, similar to 
what has been reported in SrTiO3-δ 15. Furthermore, it has been reported that the high 
charge carrier density (ns~1017 cm-2) found by Ohtomo et al6 only can be obtained under 
specific low-pressure (about 10-6 mbar) deposition conditions6,16,17. In this paper we 
provide experimental data indicating that the conductivity in LaAlO3/SrTiO3 
heterostructures is due to oxygen reduced SrTiO3-δ substrate, and that the oxygen 
vacancies are introduced during the deposition process. We also show that the 
environmental conditions alone are sufficient to reduce the substrate and obtain the 
highly conducting layer. 
The experimental details are described below. Ultra-thin LaAlO3 films were grown on 
(100) SrTiO3 substrates by pulsed laser deposition (PLD). Prior to deposition the SrTiO3 
substrates were chemically and thermally treated in order to obtain smooth single 
terminated (TiO2) surfaces4,5. The atomically flat character of the substrate surface was 
confirmed by atomic force microscopy, where we could observe atomic steps with a 
height of about 4 Å corresponding to one unit cell of SrTiO3. A time chart of the 
deposition parameters is shown in Fig. 1a. The substrates were attached to a heater 
block using silver glue and heated to 70ºC at ambient pressure for 15 min, then 
introduced into vacuum (10-7 mbar) and heated further at a rate of 10ºC/min. At 250ºC, 
oxygen was let into the chamber to a pressure of 10-4 mbar and the temperature was 
thereafter increased by 40ºC/min up to 800ºC. Two scenarios were then used. (i) At  
800 ºC ultra-thin film of LaAlO3 was deposited, or (ii) the substrate was kept at 800ºC 
for a time corresponding to the film deposition. Two different oxygen pressure regimes 
were used, “low pressure” (10-6 mbar) and “high pressure” (10-4 mbar), as shown in  
Fig. 1a. The stability at low pressure was limited by the precision of the mass-flow 
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controller, but was at all times better than ±2.5x10-7 mbar. A KrF excimer laser (pulse 
width ~20 ns, repetition rate 1 Hz, energy density 2 J/cm2) was focused onto a LaAlO3 
single crystal, which was used as a target for the ablation. In-situ reflection high-energy 
electron diffraction (RHEED) was used to monitor the film growth and the surface 
morphology during the deposition process. RHEED intensity and pattern observed in 
the growth process are shown in Fig. 1b and 1c, respectively. The well defined and 
slightly damped RHEED oscillations indicate an atomic layer-by-layer growth5. The 
growth rate was monitored by the number of oscillations – about 15 pulses were 
required for the completion of one unit cell (uc) of LaAlO3. The thickness of the 
LaAlO3 films was varied in the range of 7 to 35 unit cells. Bright and spotty RHEED 
pattern (Fig. 1c) were observed even after deposition of 35 uc layers LaAlO3 film which 
indicates a very smooth film surface. This was also confirmed by atomic force 
microscopy. After deposition, samples were cooled down at the rate of 10 ºC/min 
keeping the same oxygen pressure as during deposition. For some process runs, the 
films were oxidized during cooling in 500 mbar oxygen pressure. 
Two additional methods were used to reduce the oxygen content in SrTiO3 substrates: 
(i) Ar+-ion irradiation with an acceleration voltage of 300 eV, and beam current of 
0.2A/cm2, for 10 min and (ii) vacuum annealing at a pressure of 10-7 mbar at 800ºC for 
30 min.  
After the deposition at low oxygen pressure (10-6 mbar), the samples changed color, 
from transparent (white) to grey hue, which is characteristic for oxygen reduced SrTiO3. 
Since oxygen deficient SrTiO3 is also known to show cathode luminescence, we 
irradiated as-deposited heterostructures with an electron beam and observed strong blue 
light emission, see Fig. 2. For cathode luminescence we used the in-situ RHEED e-gun 
with an acceleration voltage of 35 kV and a beam current of 50 μA. The samples were 
kept at room temperature. Photos of the emitted light (Fig. 2 and Fig. 5) were captured 
5 
by professional digital camera. The luminescence was usually bright enough to be 
observed by the naked eye, but in some cases the intensity was quite weak. Therefore 
photos were taken with exposure times varying between 2 s and 30 s. To compensate for 
the different exposure times and keep the information in the images correct the pictures 
shown here were light enhanced in such way that the intensities are comparable.  
For the low oxygen pressure samples, the intensity of the light was comparable 
independent of whether there was a film on top of the substrate or not (Fig 2 a,b). 
Cathode luminescence, though with weaker intensity, was also observed from films 
produced at higher oxygen pressure (10-4 mbar), see Fig 2 c,d. The light has the same 
color from both heterostructures, the reduced SrTiO3-δ substrates, and the Ar+-ion 
etched SrTiO3 (Fig. 2e). Cathode luminescence emitted from a LaAlO3 substrate  
(Fig. 2f) is more whitish in color than from SrTiO3, and the luminescence became even 
more white after LaAlO3 had been oxygen reduced. We also note that after SrTiO3 
samples were annealed in 500 mbar oxygen at 600 ºC the cathode luminescence was too 
weak to be observed by the naked eye, this is further discussed below. 
Hence, blue-light cathode luminescence was observed in both LaAlO3/SrTiO3 
heterostructures and intentionally oxygen depleted SrTiO3 (i.e. Ar-ion etched), as well 
as in SrTiO3 substrates treated in the same way and using exactly the same conditions as 
during film deposition (except for the actual deposition itself). As LaAlO3 shines with a 
different color we may conclude that the luminescence is not produced in the film itself. 
In addition, we found that both the high and the low pressure conditions are sufficient 
for the substrate to become cathode luminescent.  
To quantify the wavelength of the emitted light we conducted room-temperature 
ultraviolet photoluminescence experiments using a 350 nm argon laser. Two samples 
with different LaAlO3 film thicknesses (7 uc and 15 uc) and an Ar+ etched SrTiO3 were 
studied. The results of the photoluminescence measurements are presented in Fig. 2g. 
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Within the precision of the experiment the emitted light from both LaAlO3/SrTiO3 
heterostructures and doped SrTiO3 substrate has the same peak in wavelength of  
460 nm. The position of the photoluminescence peak agrees well with the wavelength of 
light emitted from Ar+ bombarded SrTiO3 15, where it is ascribed to oxygen vacancies 
creating states within the bandgap. The light emitted from samples processed at high-
pressure conditions was too weak to be detected using our photoluminescence 
equipment. 
However, we would like to emphasize that the cathode luminescence was observed in 
LaAlO3/SrTiO3 heterostructures, as well as in reduced SrTiO3 substrates, prepared in 
both high and low oxygen pressure. We therefore conclude that oxygen vacancies can 
be formed in the SrTiO3 substrate without the deposition of LaAlO3 films, even at high 
oxygen pressure. Our cathode- and photo-luminescence results are in good agreement 
with previous reports on luminescence in oxygen depleted SrTiO3 18, where the cathode 
luminescence was observed only in oxygen reduced strontium titanate. Also, the light 
intensity depends strongly on the electrical conductivities of the reduced SrTiO3, but the 
shape of the emission band does not depend on the particular doping level. This 
indicates that the light originates from oxygen reduced regions in the substrate. 
Electrical transport measurements of LaAlO3/SrTiO3 heterostructures and reduced 
SrTiO3 substrates were made in a four point van der Pauw configuration19 in the 
temperature range 2 K – 300 K and in magnetic field up to 5 T. Gold pads were defined 
by sputtering using a Ti adhesion layer to make contacts to the samples. Several reports 
have already been presented in which the electrical transport properties of 
LaAlO3/SrTiO3 thin films and oxygen depleted SrTiO3 have been carefully 
described6,9,17. The temperature dependences of the sheet resistance Rxx, the Hall 
mobility μH and the charge carrier density ns are presented in Fig. 3. The behavior of our 
samples agree very well with the general temperature dependence presented by, e.g., 
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Ohtomo et al. 6 on LaAlO3/SrTiO3 films and Kan et al. 15 and Reagor et al. 14 on Ar-ion 
irradiated SrTiO3. 
The general behavior is described next. The sheet resistance drops with temperature and 
saturates at around 10 K. The low temperature resistance value is about 10-2 Ω/□ for the 
LaAlO3/SrTiO3 films made at low oxygen pressure and oxygen reduced SrTiO3. 
Oxidized films showed much higher resistivity, around 1 k Ω /□ at low temperature. 
The same values of resistance were found for LaAlO3/SrTiO3 films grown at high 
oxygen pressure. Additionally, a SrTiO3 substrate treated in deposition conditions at  
10-4 mbar oxygen pressure and 800ºC did not show any conductivity. However, we did 
observe cathode luminescence from the SrTiO3 substrate treated at high pressure  
(10-4 mbar) conditions. We suggest two possible reasons for this apparent contradiction. 
Either it could be due to clustering of oxygen vacancies, which has previously been 
observed 20 in SrTiO3-δ. An alternative explanation could be that the cathode 
luminescence has a different origin in this sample than in the low-pressure prepared 
samples. This cannot be ruled out without information from spectroscopy. 
The Hall mobilities deduced from the resistivity and Hall measurements are the same 
for the LaAlO3/SrTiO3 films and the oxygen depleted SrTiO3 substrate (104 cm2V-1s-1).  
However, when the sample is annealed in oxygen the Hall mobility is suppressed by one 
order of magnitude and the resistance increases by five orders of magnitude. Similar 
behavior is seen for LaAlO3/SrTiO3 deposited at high oxygen pressure. Further 
oxidation of the films at 600 ºC in 500 mbar oxygen had only a minor influence on the 
sheet resistivity and the Hall mobility. 
From the transport measurements we conclude that independently on whether the 
oxygen depletion was produced by Ar-ion milling, vacuum annealing, or during LaAlO3 
deposition at low oxygen pressure, the sheet resistivity, charge carrier concentration and 
Hall mobility have the same temperature dependences. This behaviour is strikingly 
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similar to that reported previously for reduced SrTiO3-δ: annealed 8,9, doped by Nb or  
La 8 or oxygen depleted by Ar+ bombardment13,14. The congruence of electrical 
properties suggests that high electrical conductivity and mobility observed in 
LaAlO3/SrTiO3 heterostructures are due to oxygen vacancies in SrTiO3. Although the 
temperature dependence of the electrical transport properties is similar for 
LaAlO3/SrTiO3 heterostructures produced at high and low oxygen pressure, the 
resistivity is different by almost five orders of magnitude and the mobility is different 
by one order of magnitude. Hence, re-oxygenation of the LaAlO3/SrTiO3 heterostrucure 
fabricated at low oxygen pressure has the same effect on the transport properties as 
deposition at high pressure.  
We observed conductivity in LaAlO3/SrTiO3 heterostructures deposited at high oxygen 
pressure (10-4 mbar). However, conductivity was not observed in a SrTiO3 substrate 
treated at the same high-pressure condition. This suggests that the conductivity is not 
due to the substrate preparation alone, but also may be due to the effect of the film 
deposition or the interface properties. This issue will be further addressed below. 
Before this, we should also discuss our observation of conductivity in SrTiO3 substrates 
annealed in low-pressure (10-6 mbar) deposition conditions. This is in contrast to other 
reports6,17, where substrates treated at deposition conditions did not show any 
conductivity. However, similar low sheet resistance  
(5x10-3 Ω/□) was recently reported in SrTiO3 annealed at a low oxygen pressure of  
5x10-5 torr at 1000ºC 21, which agrees with our data. They suggest that if the pressure is 
low enough, like 10-6 mbar as for typical high-mobility LaAlO3/SrTiO3 heterostructure 
depositions, even 800ºC is sufficient to reduce the SrTiO3. The properties of the 
LaAlO3/SrTiO3 interface are very sensitive to the actual environmental conditions 
regarding temperature and pressure. Thus minor differences in the actual procedures 
possibly can explain the absence of conductivity in Refs. 6 and 17. 
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A critical question has been raised regarding the exceptionally high charge carrier 
density observed in the LaAlO3/SrTiO3 heterointerface 6,17.  We observe ns ~ 1016 –  
1017 cm-2. However, we stress that our data suggest that the charge carriers are not 
localized to the interface alone but is more a bulk effect, as was suggested also by 
Siemons          et al.17. 
We also measured the sheet resistance as function of magnetic field. However, the 
magnetic field we applied to the sample (up to 5 T, perpendicular to the sample) was not 
sufficient to observe Shubnikov – de Haas oscillations. This type of oscillation is well 
known to occur in conducting SrTiO3 22, and has been reported also in structures of 
oxide thin films grown on SrTiO3 substrates 6,16. 
In order to understand the microscopic origin of these effects in the LaAlO3/SrTiO3 
systems we performed high-resolution transmission electron microscopy (TEM) using a 
Philips CM 200 field emission gun TEM operating at 200kV. The TEM samples were 
prepared using standard techniques including tripod polishing and ion milling.  
Fig. 4 shows high-resolution TEM cross-section micrographs of the 15 uc thick LaAlO3 
film deposited at an oxygen pressure of 10-6 mbar. The incident electron beam was 
parallel to the [100] axis of the SrTiO3 substrate. The orientation relationship between 
LaAlO3 and SrTiO3 is [100]LAO//[100]STO and [010]LAO//[010]STO. In Fig. 4a, a U-shaped 
dark contrast can be seen in the SrTiO3 substrate near the film/substrate interface 
reaching up into the film at several positions and coinciding with misfit dislocations at 
the interface. The average distance between these dislocations is approximately 15 nm.  
Fig 4b shows the SrTiO3/LaAlO3 interface between the dislocations with higher 
resolution, and Fig 4c shows a fast Fourier transformed filtered image of Fig. 4b. A 
clear coherence of the film/substrate interface can be seen in Fig. 4b and Fig. 4c. Hence, 
the TEM investigation of the interface shows the presence of misfit dislocations. 
Considering the orientation relationship between the LaAlO3 and the SrTiO3 
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([100]LAO//[100]STO and [010]LAO//[010]STO) and the corresponding lattice mismatch of 
3 %, the expected distance between dislocations for a fully relaxed film is 11 nm. The 
observed distance is 15 nm and the overall film is thus not completely relaxed. The 
LaAlO3 unit cell is smaller than the SrTiO3 and the residual strain in the SrTiO3 at the 
interface will therefore be compressive along the [100] and [010] directions. In addition, 
the contrast observed in the TEM images in the vicinity of the dislocations shows that 
they give rise to local strain fields in the SrTiO3 reaching about 10 nm into the SrTiO3 
substrate. It is known that crystalline defects in SrTiO3 can enhance the diffusion of 
oxygen 23. The presence of the residual compressive strain in SrTiO3 can also enhance 
oxygen diffusion during growth of the LaAlO3 films. This can explain that SrTiO3 
substrates annealed at high oxygen pressure are not conducting, in contrast to 
LaAlO3/SrTiO3 heterostructures. Based on the perovskite tolerance factor, t, we can 
estimate the activation energy for oxygen vacancy diffusion. For SrTiO3 (t=0.8072) it is 
~ 0.75 eV, and for LaAlO3 (t=0.8857) we find ~ 2.2 eV 24. Hence, it is reasonable to 
believe that during the initial growth of LaAlO3 on SrTiO3 in a low pressure 
environment the oxygen is more easily removed from SrTiO3 than transported through 
LaAlO3. 
The SrTiO3 is also known to be piezoresistive. The resistivity decreases for a 
compressive stress along the <100> axes at temperatures below 110 K 8. This could 
explain the small difference in the resistivity values between low-pressure annealed 
SrTiO3 and LaAlO3/SrTiO3 heterostructures. These arguments suggest that oxygen 
vacancies in SrTiO3 are responsible for the conductivity in LaAlO3/SrTiO3 
heterostructures prepared even at high oxygen pressures. However, at this stage we can 
not exclude the possibility that polar discontinuity between LaAlO3 and SrTiO3 could 
have a minor effect on the electrical properties. 
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We have also monitored the cathode luminescence in a LaAlO3/SrTiO3 sample when 
subject to different annealing processes, see Fig. 5. The luminescence from the as 
deposited sample is intense. However, after exposure to 0.5 bar oxygen at 600ºC for  
2 hrs the intensity is considerably decreased. In order to reduce the sample we then 
annealed it in-situ for 2 hrs in vacuum (<10-6mbar) at 600 ºC for 2hrs. The intensity of 
the cathode luminescence was then recovered, at least partially, see Fig 5c. The sample 
was then brought ex-situ to a furnace and kept in a strongly reducing H2/Ar environment 
at 700ºC for 17 hrs. However, after this procedure the intensity of the luminescent light 
(Fig. 5d) was about the same as in Fig 5c. The presence of a remanent cathode 
luminescence can be explained by strain. Strain may prevent re-entrance of oxygen 
during oxidation of the LaAlO3/SrTiO3 heterostructure, and since the strain is more 
pronounced in the vicinity of the interface this may explain why LaAlO3/SrTiO3 cannot 
be made fully insulating by the oxidation. Possibly it could also explain why the 
reduction/annealing of the sample first in vacuum and then in H2/Ar did not fully 
remove the oxygen and recover the cathode luminescence intensity.  
In summary, we have shown that high electrical conductivity and mobility values of 
LaAlO3/SrTiO3 heterointerfaces produced at low oxygen pressure are due to oxygen 
vacancies in a reduced SrTiO3 substrate. The question whether the conductivity of the 
LaAlO3/SrTiO3 interface deposited at higher oxygen pressure is also due to oxygen 
vacancies in SrTiO3 or not still remains. It could be a result of stress induced in SrTiO3 
or an effect of polar discontinuity. Further investigation is necessary to answer this 
question. 
 
 
 
12 
Acknowledgements 
We thank J.-O. Yxell for help with the photos of the cathode-luminescence, and Q. X. 
Zhao for assistance with the photo-luminescence experiments. We also acknowledge 
communications with the Stanford group and H. Y. Hwang. The work is supported by 
the Swedish Research Council, Foundation of Strategic Research, and Royal Academy 
of Sciences, the K.A. Wallenberg foundation and the ESF THIOX. 
 
References 
1. Noland, J.A. Optical absorption of single-crystal strontium titanate. Phys. Rev. 
94, 724 (1954). 
2. Capizzi, M. & Frova, A. Optical gap of strontium titanate (deviation from 
Urbach tail behavior). Phys. Rev. Lett. 25, 1298-1302 (1970). 
3. van Benthem, K. & Elsässer, C. Bulk electronic structure of SrTiO3: Experiment 
and theory. J. Appl. Phys. 90, 6156-6164 (2001). 
4. Kawasaki, M. et al. Atomic control of the SrTiO3 crystal surface. Science 226, 
1540–1542 (1994).  
5. Koster, G., Kropman, B. L., Rijnders, G. J. H. M., Blank, D. H. A.,  Rogalla, H.  
Influence of the surface treatment on the homoepitaxial growth of SrTiO3. Mat. 
Sci. & Eng. B 56, 209–212 (1998). 
6. Ohtomo, A. & Hwang, H. Y. A high-mobility electron gas at the LaAlO3/SrTiO3 
heterointerface. Nature 427, 423–426 (2004). 
7. Mitsui, T. & Westphal, W. B. Dielectric and x-ray studies of CaxBa1-xTiO3 and 
CaxSr1-xTiO3. Phys. Rev. 124, 1354–1359 (1961). 
13 
8. Tufte, O. N. & Chapman, P. W. Electron mobility in semiconducting strontium 
titanate. Phys. Rev 155, 796-802 (1967). 
9. Frederikse, H. P. R., Thurber, W. R. & Hosler, E. R. Electronic transport in 
strontium titanate. Phys. Rev. 134, A442-A445 (1964). 
10. Koonce, C. S., Cohen, M. L. Schooley, J. F., Hosler, W. R. & Pfeiffer, E. R. 
Superconducting transition temperatures of semiconducting SrTiO3. Phys. Rev. 
163, 380-390 (1967). 
11. Yamada, H. & Miller, G. R. Point defects in strontium titanate. J. Solid State 
Chem. 6, 169-177 (1973). 
12. Muller, D. A., Nakagawa, N., Ohtomo, A., Grazul, J. L. & Hwang, H. Y. 
Atomic-scale imaging of nanoengineered oxygen vacancy profiles in SrTiO3. 
Nature 430, 657-661 (2004). 
13. Henrich, V. E., Dresselhaus, G. & Zeiger, H. J. Surface defects and the 
electronic structure of SrTiO3 surfaces. Phys. Rev. B 17, 4908-4921 (1978). 
14. Reagor, D. W. & Butko, V. Y. Highly conductive nanolayers on strontium 
titanate produced by preferential ion-beam etching. Nature Materials 4, 593-596 
(2005). 
15. Kan, D., Terashima, T., Kanda, R., Masuno, A., Tanaka, K., Chu, S., Kan, H., 
Ishizumi, A., Kanemitsu, Y., Shimakawa, Y. & Takano, M. Blue-light emission 
at room temperature from Ar+-irradiated SrTiO3. Nature Materials 4, 816-819 
(2005). 
16. Herranz, G., Basletic, M., Bibes, M., Ranchal, R., Hamzic, A., Tafra, E., 
Bouzehouane, K., Jacquet, E., Contour, J. P., Barthélémy, A. & Fert, A.. Full 
oxide heterostructure combining a high-TC diluted ferromagnet with a high-
mobility conductor. Phys. Rev. B 73, 064403 (2006). 
14 
17. Siemons, W., Koster, G., Yamamoto, H., Harrison, W. A., Geballe, T. H., 
Blank, D. H. A. & Beasley, M. R. Origin of the unusual transport properties 
observed at hetero-interfaces of LaAlO3 on SrTiO3. Unpublished. 
18. Ihrig, H., Hengst, J.H.T. & Klerk, M. Conductivity-dependent 
cathodeluminescence in BaTiO3, SrTiO3, and TiO2. Z. Phys. B 40, 301-306 
(1981). 
19. van der Pauw, J. L. A method of measuring specific resistivity and Hall effect of 
disc of arbitrary shape. Philips Res. Rep. 13, 1-9 (1958). 
20. Muller, D. A., Nakagawa, N., Ohtomo, A., Grazul, J. L. & Hwang, H. Y. 
Atomic-scale imaging of nanoengineered oxygen vacancy profiles in SrTiO3. 
Nature 430, 657-661 (2004). 
21. Mukunoki, Y., Nakagawa, N., Susaki, T. & Hwang, H.Y. Atomically flat (110) 
SrTiO3 and heteroepitaxy. Appl.Phys.Lett. 86, 171908 (2005). 
22. Frederikse, H. P. R., Hosler, W. R., Thurber, W. R., Babiskin, J. & Siebenmann, 
P. G. Shubnikov-de Haas effect in SrTiO3. Phys. Rev. 158, 775–778 (1967). 
23. Tufte, O.N. & Stelzer, E.L. Piezoresistive properties of reduced strontium 
titanate. Phys. Rev., 141, 675-680 (1966). 
24. Cherry, M., Islam, M.S. & Catlow, C.R.A. Oxygen ion migration in perovskite-
type oxides. J. Solid State Chem., 118, 125-132 (1995). 
 
 
 
15 
 
 
Figure 1. (a) Variation of substrate temperature (red) and chamber pressure 
(blue) during a deposition process. The epitaxial thin film is formed (at time 
marked yellow) at high temperature (800ºC) and in low-pressure (10-6 mbar) 
flow of oxygen. The deposition chamber is ventilated with argon when the 
sample has been cooled down to room temperature. (b) RHEED intensity 
oscillations during growth of 15 unit cells of LaAlO3 film on SrTiO3. (c) RHEED 
pattern of the film after deposition. 
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Figure 2. (a) – (f) Cathode luminescence from various SrTiO3 substrates and 
LaAlO3/SrTiO3-systems. (a) Substrate kept at 10-6 mbar without film deposition, 
and (b) after LaAlO3 deposition. (c) Substrate kept at 10-4 mbar, and (d) after 
LaAlO3 deposition. (e) Ar-ion irradiated SrTiO3 single crystal substrate. (f) 
Cathode luminescence from LaAlO3 substrate. 
(g) Photo-luminescence measurements of LaAlO3/SrTiO3 films grown under low 
pressure conditions and of the Ar-ion irradiated SrTiO3 substrate. Within the 
precision of the experiment the emitted light has the same peak wavelength 
(460 nm) for the three cases.  
17 
 
Figure 3. Sheet resistivity RXX (a), charge carriers density nS (b) and Hall 
mobility μH (c) for 15 u.c. LaAlO3 film on SrTiO3 substrate made at 10-6 mbar 
oxygen pressure before and after oxidizing (open blue and solid rectangles), 15 
u.c. LaAlO3 film on SrTiO3 substrate made at 10-6 mbar oxygen pressure before 
and after oxidizing (open green and solid triangles), (100) SrTiO3 substrate 
annealed at 10-6 mbar for 15 min (open red circles) and Ar+ -bombarded (100) 
SrTiO3 substrate (black crosses). 
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Figure 4. TEM cross section micrographs of the LaAlO3/SrTiO3 film deposited at 
oxygen pressure 10-6 mbar (a). U-shaped dark contrasts are marked with 
arrows. (b) The LaAlO3 /SrTiO3 interface imaged at higher magnification using 
high resolution microscopy showing details of the interface between the misfit 
dislocations. (c) A fast Fourier transform filtered image of the coherent interface 
between the dislocations. 
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Figure 5. Cathode luminescence from a LaAlO3/SrTiO3 film (a) as deposited, (b) 
after re-oxygenation, (c) after vacuum annealing, and (d) after H2/Ar annealing. 
 
